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SUMMARY 

A Parametr ic  p r e t e s t  u n c e r t a i n t y  a n a l y s i s  has 
been performed f o r  a chemical r o c k e t  engine t e s t  

V )  a t  a un ique 1OOO:l area r a t i o  a l t i t u d e  t e s t  f a c i l -  
i t y .  Resu l ts  f rom t h e  parametr ic  s tudy prov ide  the  

I e r r o r  l i m i t s  r e q u i r e d  i n  order  t o  m a i n t a i n  a maxi- 
mum u n c e r t a i n t y  o f  1 percent  on s p e c i f i c  impulse. 
Equat ions used i n  t h e  U n c e r t a i n t y  a n a l y s i s  a r e  
presented.  
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INTRODUCTION 

One o f  t h e  new i n i t i a t i v e s  i n  the  r o c k e t  com- 
mun i ty  i s  t h e  O r b i t a l  Transfer  Veh ic le  ( O T V )  engine 
which i s  c h a r a c t e r i z e d  by a h i g h  chamber pressure 
and a l a r g e  e x i t  area r a t i o .  These engines use 
hydrogen and oxygen as t h e  f u e l  and o x i d i z e r  and 
t h e i r  s p e c i f i c  impulse ( I s p )  w i l l  exceed t h a t  o f  
any engine c u r r e n t l y  i n  use. They are  envisioned 
t o  t r a n s p o r t  payloads such as comnunications o r  
o b s e r v a t i o n  s a t e l l i t e s  f rom t h e  o r b i t  o f  t h e  space 
s t a t i o n  t o  geosynchronous o r b i t .  Since the 
e n t i r e t y  o f  t h e i r  o p e r a t i o n  w i l l  be i n  space, these 
engines must be t e s t e d  i n  f a c i l i t i e s  capable o f  
s i m u l a t i n g  t h e  h i g h  a l t i t u d e  c o n d i t j o n s  f o r  which 
t h e  engines were designed. 

A t  t h e  NASA Lewis Research Center Rocket 
Engine Tes t  F a c i l i t y  (RETF), a vacuum t e s t  capsule 
was r e c e n t l y  i n s t a l l e d  t o  s imu la te  the  env i ron-  
menta l  c o n d i t i o n s  which would be experienced by an 
O T V .  The new t e s t  capsule I s  capable o f  handl ing 
a f u l l  s c a l e  OTV engine w h i l e  m a i n t a i n i n g  t h e  high 
a l t i t u d e  c o n d i t i o n s .  The nozz le  area r a t i o s  cur- 
r e n t l y  under c o n s i d e r a t i o n  f o r  the  OTV engine 
des igns a r e  approx imate ly  1OOO:l i n  order  t o  a t t a i n  
t h e  h i g h  performance requ i red .  However. no data 
have ever  been taken f o r  area r a t i o s  g r e a t e r  than 
400: l .  Therefore, any da ta  taken i n  t h i s  f a c i l i t y  
f o r  area r a t i o s  g r e a t e r  than 400:l  w i l l  be t h e  
f i r s t  o f  i t s  k i n d  and w i l l  be considered t o  be 
"Der, c hma r k " d a t a . 

To o b t a i n  "benchmark" data, two requirements 
must be met. The f i r s t  i s  an u n c e r t a i n t y  goa l  f o r  
t h e  impor tan t  parameters be ing  measured o r  ca lcu-  
l a t e d .  The JANNAF ( J o i n t  Army Navy NASA A i r  Force) 
work ing  group prov ides  s t a n d a r d i z a t i o n  t o  t h e  
rocks: e ~ g : i i e  ~ ~ i i n i i i n l t y  and has jijggejisd an iincer- 
t a i n t y  l i m i t  f o r  t h e  vacuum Isp measurement o f  

0.25 percent  (Ref .  1 ) .  To date,  t h e  bes t  r e p o r t e d  
u n c e r t a i n t y  va lue  u s i n g  a g e n e r a l l y  accepted meas- 
urement u n c e r t a i n t y  methodology (Ref .  2) i s  
0.67 percent  f o r  t h e  RLlO r o c k e t  engine ( 4 e f .  3 ) .  
The second requi rement  i s  a meaningfu l  u n c e r t a i n t y  
va lue  o f  t h e  measured and c a l c u l a t e d  q u a n t i t i e s .  
The purpose o f  t h i s  paper i s  t o  demonstrate how t h e  
second requi rement  I s  t o  be met a t  t h e  RETF by 
d e s c r i b l n g  a p r e t e s t  a n a l y s i s  which c a l c u l a t e s  t h e  
u n c e r t a i n t y  va lue  f o r  a l l  measured and c a l c u l a t e d  
parameters, based on t h e  s tandard ized t e s t  measure- 
ment accuracy methodology adopted by JANNAF and by 
numerous p r o f e s s i o n a l  eng ineer ing  a s s o c i a t i o n s  
(Refs. 4 t o  7 ) .  

The p r e t e s t  a n a l y s i s  determined t h e  l i m i t s  o f  
e r r o r  o f  t h e  i n d i v i d u a l  measurements which a f f e c t  
t h e  s p e c i f i c  impulse. An U n c e r t a i n t y  on s p e c i f i c  
impulse o f  1 percent  was used as t h e  c r i t e r i o n  f o r  
s e t t i n g  maximum l i m i t s  on t h e  ins t rument  e r r o r s .  

APPARATUS AND PROCEDURE 

F a c i l i t y  D e s c r i p t i o n  

The a l t i t u d e  t e s t  chamber i n  t h e  HETF inc ludes  
a t e s t  capsule, d i f f u s e r .  spray coo le r ,  e j e c t o r s .  
l i q u i d  d r a i n  l i n e s ,  and t h e  water  d e t e n t i o n  tank.  
The exhaust gases o f  t h e  r o c k e t  engine a l d  i n  a l t i -  
tude pumping by pass ing  through a second t h r o a t  
d i f f u s e r  b e f o r e  exhaust ing  i n t o  t h e  spray c o o l e r .  
Approx imate ly  h a l f  o f  t h e  exhaust gases a r e  con- 
densed t o  a l i q u i d  and pass down t h e  d r a i n s  t o  t h e  
water  d e t e n t i o n  tank .  E j e c t o r s ,  d r i v e n  by gaseous 
n i t r o g e n ,  pump t h e  remain ing exhaust gases through 
two s h o r t  s tacks t o  the  atmosphere. 

The engine i n s t r u m e n t a t i o n  system i s  d i s p l a y e d  
i n  F i g .  1. P r o p e l l a n t  f l o w  r a t e s  a r e  measured by 
c a l i b r a t e d  v e n t u r i s  w h i l e  temperatures a r e  measured 
u s i n g  Cu/C thermocouples. 
vacuum gauge I s  used t o  measure t h e  vacuum r e f e r -  
ence pressure  w h l l e  t h e  rema!n!ng pressures a r e  
measured by s t ra in-gauge b r i d g e  t y p e  pressure 
t ransducers.  Absolute and d i f f e r e n t i a l  p ressure  
t ransducers a r e  used. The t h r u s t  stand I s  capable 
o f  measuring t h r u s t  l e v e l s  t o  13.3 kN (3000 l b f )  
and was designed t o  have a random e r r o r  o f  l e s s  
than %0.05 percent  o f  f u l l  sca le .  For more i n f o r -  
mat!cn 0:: t h e  f a c ? l ? t y  {Ref .  8 ) .  

A thermocouple t y p e  
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The TRADAR d a t a  a c q u i s i t i o n  system i s  used f o r  
a l l  r o c k e t  engine t e s t s .  Ins t rumenta t lon  I n  t h e  
f a c i l i t y  p r o v i d e  analog s l g n a l s  t h a t  a re  recorded 
and conver ted t o  a d i g i t a l  s i g n a l  by an automat ic  
da ta  d l g i t i z e r  a t  a r a t e  o f  50 readings per  second 
per parameter and sent  t o  an IBM 370 computer. 
computer averages t h e  values I n  groups o f  f i v e  t o  
p r o v i d e  d a t a  ou tpu t  a t  1/10 sec i n t e r v a l s .  

The 

Data Reduction 

This  s e c t i o n  describes the  equations used t o  
conver t  raw data  ( l l n e  pressures, l i n e  tempera- 
t u r e s ,  d t f f e r e n t i a l  pressures t o  the  v e n t u r i  
t h r o a t ,  engine t h r u s t ,  and ambient pressure)  t o  
performance da ta  i n  order t o  eva lua te  the  t e s t  
f i r i n g .  

Pressure a t  t h e  v e n t u r i  t h r o a t .  - The t h r o a t  
pressure o f  t h e  hydrogen and oxygen subsonic f l o w  
v e n t u r l s  f l o w  meters was c a l c u l a t e d  by: 

P t h  = ' l i n e  - dp 

L i n e  c o n t r a c t i o n  r a t i o .  - The p r o p e l l a n t  l i n e  
c o n t r a c t i o n  r a t l o  I s  def ined by: 

Thermodynamic p r o p e r t i e s  upstream and a t  t h e  
t h r o a t  o f  t h e  v e n t u r l .  - Using the  measured va lues 
o f  f l u i d  pressure and temperature upstream o f  t h e  
v e n t u r i  t h r o a t ,  enthalpy, dens i ty ,  and en t ropy  of 
t h e  p r o p e l l a n t s  were determined us ing  t h e  Gas Pro- 
p e r t i e s  program (GASP)(Ref. 9 ) .  By assumlng isen-  
tropic f l o w  t o  t h e  ventur l  t h r o a t ,  t h e  t h r o a t  
pressure,  c a l c u l a t e d  us ing Eq. ( 1 ) .  and t h e  prope l -  
l a n t  en t ropy  values were i n p u t  t o  GASP t o  determlne 
t h e  f l u i d  temperature, d e n s i t y ,  and enthalpy a t  t h e  
v e n t u r l  t h r o a t .  

V e l o c i t y  a t  t h e  ventur i  t h r o a t .  - The v e l o c l t y  
o f  each f l u i d  was determined by: 

where K i s  a conversion constant .  

r a t e  

r a t e  
each 

P r o p e l l a n t  mass f low r a t e .  - The mass f l o w  
was determined from: 

I = C A  p d t h  t h V t h  

T o t a l  mass f l o w  r a t e  - The t o t a l  mass f l o w  
i s  s imply  the  sum o f  the  mass f l o w  r a t e s  o f  
f l u i d ,  namely: 

f u  m T O T  = mox t m 

( 3 )  

( 4 )  

Vacuum t h r u s t .  - Slnce t h e  s i t e  t h r u s t  was 
measured I n  an lmper fect  vacuum, a c o r r e c t i o n  was 
app l  1 ed : 

Vacuum s p e c i f i c  impulse. - The performance 
parameter o f  most i n t e r e s t  t o  t h e  r o c k e t  engine 
cotNnUnitY I s  t h e  vacuum s p e c l f i c  impulse. Th is  
parameter i s  c a l c u l a t e d  by: 

(7) 

U n c e r t a i n t y  Ana lys is  Methodology 

comprlsed o f  t h r e e  components: c a l i b r a t i o n  e r r o r s ,  
d a t a  a c q u i s i t i o n  e r r o r s ,  and d a t a  r e d u c t i o n  e r r o r s  
(Ref .  7 ) .  C a l i b r a t i o n  and d a t a  a c q u i s i t l o n  e r r o r s  
w i l l  be considered i n  d e t a i l ,  b u t  because d a t a  
r e d u c t i o n  e r r o r s  a r e  t y p i c a l l y  n e g l i g i b l e  ( c o n s i s t -  
l n g  main ly  o f  computer round-o f f  o r  t r u n c a t l o n  
e r r o r s  which. I n  t h i s  case, a r e  o f  very  smal l  
magnitudes). t h i s  c o n t r i b u t i o n  t o  t h e  t o t a l  uncer-  
t a i n t y  was n o t  inc luded.  For each t y p e  o f  measure- 
ment taken (1.e. .  pressure.  temperature,  e t c . ) ,  a 
l i s t  o f  e lementa l  sources o f  e r r o r  was compi led and 
est imates o f  each component e r r o r  was made. See 
Tables I through 111. Inc luded i n  t h e  t a b l e s  a r e  
a d e s c r l p t l o n  o f  t h e  elemental sources o f  e r r o r  
which c o n t r i b u t e  t o  t h e  c a l i b r a t i o n  and da ta  acqu l -  
s i t i o n  components o f  t h e  t o t a l  p r e c i s l o n  e r r o r .  
S ince t h i s  I s  a p r e t e s t  a n a l y s i s .  t h e  es t lmated  
va lues f o r  da ta  a c q u l s t t i o n  e r r o r s  were ob ta ined 
f rom pas t  t e s t  r e s u l t s  and a r e  assumed t o  i n c l u d e  
a l l  o f  t h e  sources l l s t e d  i n  t h e  t a b l e s .  

The u n c e r t a i n t y  o f  an exper imenta l  system i s  

E r r o r s  can be e i t h e r  random ( p r e c l s i o n )  or 
f i x e d  ( b l a s ) .  Reference 7 descr ibes  these e r r o r s  
i n  g r e a t e r  d e t a i l .  For t h l s  a n a l y s i s ,  I t  was 
assumed t h a t  c a l i b r a t i o n  o f  t h e  l n s t r u m e n t a t l o n  
lmned ia te ly  b e f o r e  t e s t l n g  e l l m l n a t e s  a l l  l a r g e ,  
known b lases,  good, w e l l - e s t a b l i s h e d  t e s t  tech-  
n iques e l i m i n a t e  sources o f  l a r g e ,  unknown b i a s  
e r r o r ,  and smal l ,  known and unknown b i a s  e r r o r s  
a r e  n e g l i g i b l e .  Therefore,  a l l  b i a s  e r r o r s  were 
assumed t o  be zero. 

Since t h i s  i s  a p r e t e s t  a n a l y s i s .  t e s t  d a t a  
from a prev lous  s l n g l e  r o c k e t  englne f i r i n g  were 
used t o  p r o v l d e  r e p r e s e n t a t i v e  va lues o f  t h e  d a t a  
a c q u i s i t i o n  e r r o r s  f o r  each measurement dev ice .  

The c a l l b r a t l o n  e r r o r s  o f  each ins t rument  was 
determined by t a k i n g  t h e  square r o o t  o f  t h e  sum o f  
t h e  squares ( a l s o  known as r o o t  sum square, o r  RSS) 
o f  t h e  e lementa l  sources o f  c a l i b r a t i o n  e r r o r .  
T r a c e a b i l i t y  t o  t h e  N a t i o n a l  Bureau o f  Standards 
was p o s s i b l e  by o b t a l n l n g  c a l i b r a t i o n  d a t a  ( h y s t e r -  
e s i s  and n o n l i n e a r i t y )  f rom an Independent c a l i b r a -  
t i o n  serv ice .  

The s tandard es t imate  o f  e r r o r  (SEE) o f  t h e  
p r i o r  t e s t  raw data  was ob ta ined by u s i n g  a l i n e a r  
curve  f i t .  This  accounted f o r  t ime v a r y i n g  engine 
c o n d i t i o n s  by modellng t h e  parameter as a f u n c t i o n  
of t ime.  The RSS value o f  t h e  SEE and t h e  o t h e r  
sources o f  da ta  a c q u l s l t i o n  e r r o r  r e s u l t  I n  a t o t a l  
da ta  a c q u i s i t i o n  e r r o r  va lue.  

Knowing t h e  c a l i b r a t i o n  and d a t a  a c q u i s i t i o n  
e r r o r s  f o r  each o f  the measured parameters, these 
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e r r o r s  a r e  then propagated f rom t h e  measured param- 
e t e r s  t o  t h e  c a l c u l a t e d  q u a n t l t l e s .  Th ls  I s  done 
by t h e  express ion  

where m l s  t h e  number o f  terms used t o  compute 
(Ref. 7 ) .  Equat lon (8 )  r e q u l r e s  t h e  d e f l n l t i o n  

t j  I n f l u e n c e  c o e f f l c l e n t s  whlch a r e  t h e  p a r t l a l  
d e r l v a t l v e s  o f  t h e  c a l c u l a t e d  parameters w l th  
respec t  t o  each v a r l a b l e  (Ref. 7 ) .  I n f l u e n c e  coef- 
f i c l e n t s  d e s c r i b e  t h e  e f f e c t  o f  a u n i t  change o f  
one parameter w l t h  one s e t  o f  u n l t s  on t h e  ca lcu-  
l a t e d  parameter, w l t h  another  s e t  o f  u n l t s .  These 
p a r t l a l  d e r l v a t l v e s  a r e  m u l t i p l l e d  by t h e  cor res-  
ponding p r e c i s i o n  e r r o r s  and t h e  RSS i s  computed 
t o  determlne t h e  f l n a l  e r r o r  f o r  t h a t  parameter. 
Where p a r t i a l  d e r t v a t l v e s  were unat ta inab le ,  per-  
t u r b a t i o n  techniques a r e  descr lbed l n  Ref. 7 t o  
c a l c u l a t e  t h e  i n f l u e n c e  c o e f f i c i e n t s .  

Table 1 V  l i s t s  t h e  c a l c u l a t e d  parameters. the 
express ion  f o r  t h e  I n f l u e n c e  c o e f f l c l e n t s  and 
va lues f o r  each I n f l u e n c e  c o e f f l c l e n t  f r o m  a pre-  
v ious  t e s t .  

Because t h e  thermodynamlc p r o p e r t l e s  of  t h e  
p r o p e l l a n t s  upstream o f  t h e  v e n t u r l  were computed 
u s l n g  GASP, t h e  p e r t u r b a t l o n  technlque was requ i red  
t o  determlne t h e  a p p r o p r i a t e  I n f l u e n c e  c o e f f l c l e n t s  
The nominal values o f  l l n e  pressure and temperature 
were l n d l v l d u a l l y  per tu rbed by 21 percent  and the 
r a t i o  o f  t h e  d l f f e r e n c e s  o f  each o f  t h e  c a l c u l a t e d  
q u a n t i t l e s  ( l l n e  dens i ty .  enthalpy,  and ent ropy)  t o  
t h e  d l f f e r e n c e s  o f  t h e  per tu rbed q u a n t i t y  r e s u l t e d  
i n  a va lue  f o r  t h e  l n f l u e n c e  c o e f f l c l e n t s .  GASP 
was aga ln  used t o  determlne t h e  dens l ty ,  tempera- 
t u r e ,  and en tha lpy  a t  t h e  v e n t u r l  t h r o a t  knowlng 
t h e  t h r o a t  pressure and en t ropy .  The same p e r t u r -  
b a t i o n  method was used t o  determine the  I n f l u e n c e  
c o e f f i c i e n t s  f o r  t h l s  case. 

The degrees o f  freedom ( u )  o f  a parameter 
i n d l c a t e s  approx imate ly  how l a r g e  t h e  d a t a  sample 
s i z e  i s  f o r  a g lven  t e s t  and depends upon the type 
o f  curve  f i t  used t o  c h a r a c t e r l z e  t h e  data.  The 
degrees o f  freedom o f  the  measured and c a l c u l a t e d  
parameters was computed u s i n g  t h e  Welch- 
S a t t e r t h w a i t e  formula:  

(Ref .  7 )  and made use o f  t h e  i n f l u e n c e  c o e f f i c i e n t s  
and propagated SEE values mentloned above. 

t a i n t y  u s l n g  t h e  propagated p r e c i s i o n  and b i a s  
e r r o r s  and the  degrees o f  freedom, I s  t h e  a d d l t l v e  
technique (Ref .  7 ) .  I t  I s  expressed as 

One method t o  determine measurement uncer- 

ugg = *(. t. p s) 

where B and S a r e  t h e  RSS b l a s  and p r e c i s i o n  
values o f  c a l l b r a t l o n  and da ta  a c q u l s l t l o n  e r r o r s ,  
r e s p e c t i v e l y .  Because a l l  b l a s  e r r o r s  were assumed 
t o  be zero f o r  t h l s  p r e t e s t  a n a l y s l s .  Eq. (10) 
becomes 

A. 

L95 

ugg = * P 
U n c e r t a l n t y  Ana lys ts  

A s  mentloned p r e v l o u s l y .  t h e  u n c e r t a i n t y  ana- 
lysis descr lbed above was c a r r i e d  o u t  u s l n g  d a t a  
f rom pas t  t e s t s  f o r  t h e  d a t a  a c q u l s l t l o n  e r r o r s .  
L i n e - o f - b e s t - f l t  equat lons f o r  t h e  p r o p e l l a n t  l l n e  
pressures, d l f f e r e n t l a l  pressures, l i n e  tempera- 
tu res ,  t h e  s l t e  t h r u s t ,  and t e s t  capsule amblent 
pressure were used t o  d e s c r i b e  t h e  t lme v a r y i n g  
behavior  d u r l n g  unsteady o p e r a t l o n  o f  t h e  r o c k e t  
englne. Ac tua l  d a t a  were used f o r  hardware dlame- 
t e r s  and v e n t u r l  d lscharge c o e f f i c i e n t s .  

C a l l b r a t l o n  e r r o r s  o f  s l x  Ins t ruments  were 
p a r a m e t r i c a l l y  v a r l e d  i n  t h e  f o l l o w l n g  manner. The 
f l r s t  ins t rument  c a l l b r a t l o n  e r r o r  was v a r i e d  over  
I t s  e n t l r e  range. The second Ins t rument  c a l l b r a -  
t i o n  e r r o r  was then lncremented and t h e  f l r s t  was 
aga ln  c y c l e d  over i t s  e n t i r e  range o f  va lues.  I n  
t h l s  manner t h e  second v a r l a b l e  c y c l e d  th rough I t s  
range o f  va lues,  a t  whlch t l m e  t h e  t h l r d  lns t rument  
c a l l b r a t l o n  e r r o r  was lncremented. I n  t h l s  
odometer- l ike fash lon ,  a l l  SIX v a r i a b l e s  were 
c y c l e d  t r y i n g  a l l  t h e  combinations o f  c a l l b r a t l o n  
e r r o r s  f o r  a l l  SIX Inst ruments.  Each I n s t r u m e n t ' s  
c a l l b r a t l o n  e r r o r  was v a r i e d  over a wlde range o f  
values (as  shown I n  Table V) and t h e  u n c e r t a l n t l e s  
f o r  a l l  t h e  c a l c u l a t e d  q u a n t l t l e s  were computed. 
The ranges se lec ted  f o r  each I n s t r u m e n t ' s  c a l i b r a -  
t i o n  p r e c l s l o n  e r r o r  encompassed va lues t y p i c a l  f o r  
each t y p e  o f  ins t rument  f rom p r l o r  t e s t s .  For 
example, l f  a thermocouple had a 0.04 R c a l l b r a t l o n  
e r r o r .  t h e  range f rom 0.01 t o  0.10 R was se lec ted  
f o r  t h l s  s tudy.  The da ta  a c q u l s l t l o n  e r r o r s  were 
cons tan t  f o r  each v a r l a t l o n  o f  c a l l b r a t l o n  e r r o r s  
t r i e d .  

RESULTS AND DISCUSSIONS 

S p e c i f i c  Impulse I s  t h e  pr lme performance 
parameter. Therefore,  t h e  u n c e r t a i n t y  o f  s p e c i f i c  
Impulse was used t o  i n d l c a t e  whether o r  n o t  a g l v e n  
s e t  o f  c a l i b r a t l o n  u n c e r t a i n t l e s  was acceptable.  
A goal  o f  1 percent  u n c e r t a i n t y  on s p e c l f l c  impulse 
was chosen t o  represent  a r e a l l s t l c  l l m i t  o f  maxl- 
mum a l l o w a b l e  e r r o r  due t o  t h e  I n s t r u m e n t a t i o n  
system. Hence, t h e  r e s u l t i n g  p l o t s  ( F l g s .  2 t o  5) 
d i s p l a y  s p e c i f l c  impulse u n c e r t a i n t y  as a f u n c t i o n  
o f  t h e  s i x  Inst ruments whose c a l l b r a t l o n  e r r o r  was 
parametrica!!y vzr!ed. 

F i g u r e  2 i s  a r e p r e s e n t a t i v e  p l o t  which 
r e s u l t e d  f rom t h e  parametr lc  u n c e r t a l n t y  a n a l y s i s .  
Vacuum s p e c i f i c  lmpulse u n c e r t a i n t y  as a f u n c t i o n  
o f  o x i d i z e r  d l f f e r e n t l a l  p ressure  c a l l b r a t i o n  pre-  
c i s i o n  e r r o r  w l t h  l i n e s  o f  cons tan ts  oxygen l l n e  
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temperature c a l l b r a t l o n  prec)s lon  e r r o r  a r e  p l o t -  
ted.  The f o u r  parameters whlch remaln cons tan t  l n  
t h l s  p l o t  a r e  t h e  c a l l b r a t l o n  p r e c l s l o n  e r r o r s  o f :  
o x l d l z e r  and f u e l  l l n e  pressure, f u e l  d l f f e r e n t l a l  
pressure,  and f u e l  l l n e  temperature. As can be 
seen I n  F l g .  2.  as t h e  o x y g e n ' d l f f e r e n t i a l  pressure 
and l l n e  temperature p r e c l s l o n  e r r o r  Increased. t h e  
u n c e r t a l n t y  o f  Isp Increased a t  a n o n l l n e a r  
r a t e .  

Wlthln t h e  parametr ic  ranges l n v e s t l g a t e d .  t h e  

( 1 )  The u n c e r t a l n t y  o f  vacuum s p e c i f i c  
Impulse always exceeded 1.0 percent  f o r  oxygen l l n e  
pressure c a l l b r a t l o n  p r e c l s l o n  e r r o r  g r e a t e r  than 
o r  equal t o  0.4 p s i a  and f o r  f u e l  l l n e  pressure 
c a l l b r a t l o n  p r e c l s l o n  e r r o r  g rea ter  than o r  equal 
t o  3.0 p s l a .  Values o f  Isp u n c e r t a l n t y  l e s s  
than 1.0 percent  were achieved. however, w l t h  lower 
values f o r  these two parameters. 

u n c e r t a i n t y  va lue  o f  vacuum s p e c i f i c  Impulse by 
much l e s s  than 1 percent  inc luded t h e  c a l l b r a t l o n  
p r e c i s i o n  e r r o r  o f  f u e l  l l n e  temperature. 

f o l l o w i n g  genera l l zed  r e s u l t s  were ev ldent :  

( 2 )  Parameters which produced changes I n  t h e  

( 3 )  Changes I n  f u e l  d l f f e r e n t l a l  pressure 
c a l l b r a t l o n  p r e c l s l o n  e r r o r  produced changes o f  
approx lmate ly  1 percent  I n  the u n c e r t a l n t y  va lue 
o f  vacuum s p e c i f i c  impulse. 

u n c e r t a l n t y  va lue  o f  ISp were caused by oxygen 
d i f f e r e n t i a l  pressure and oxygen l l n e  temperature 
c a l i b r a t l o n  p r e c l s l o n  e r r o r  changes. 

F i g .  2. a second s e t  o f  u n c e r t a l n t y  p l o t s  was 
c rea ted  by p l o t t l n g  oxygen l l n e  temperature c a l l -  
b r a t l o n  p r e c i s i o n  e r r o r  versus oxygen d i f f e r e n t i a l  
pressure c a l l b r a t l o n  p r e c l s l o n  e r r o r  w l t h  l l n e s  o f  
cons tan t  ISp u n c e r t a i n t y .  I n  f i g .  3, the  Is 
u n c e r t a l n t y  va lue  o f  1.0 percent  I s  shown I n  th?s 
format .  By I s o l a t i n g  the 1 percent  u n c e r t a i n t y  
l l n e ,  a p l o t  w l t h  f l v e  curves 1 s  used t o  produce a 
p l o t  w i t h  one curve.  I n  the  cases where the  l l n e s  
d i d  no t  cross t h e  u n l t y  u n c e r t a l n t y  l l n e .  l i n e a r  
e x t r a p o l a t i o n  i n c l u d l n g  o n l y  t h e  l a s t  f i v e  data 
p o i n t s  was used t o  prov ide an es t lmate  o f  the  
l n t e r s e c t l o n  p o l n t .  Any p o l n t  on t h e  curve I n  
F i g .  3 d e f l n e s  an lnst rument  combinat ion whlch 
r e s u l t s  i n  a vacuum s p e c l f l c  Impulse u n c e r t a i n t y  
o f  1 .0  percent .  I n  the reg ion  above the  curve,  t h e  
u n c e r t a l n t y  i s  g r e a t e r  than 1.0 percent  and I n  the  
r e g l o n  below t h e  curve, t h e  u n c e r t a i n t y  i s  l e s s  
than 1 .0  percent .  I t  can be seen t h a t  an o x i d i z e r  
thermocouple w l t h  a h lgh c a l i b r a t l o n  e r r o r  can be 
compensated f o r  w i t h  the proper  o x l d l z e r  d l f f e r e n -  
t l a l  pressure t ransducer .  

t l a l  pressure c a l l b r a t i o n  e r r o r  data t o  t h l s  p l o t ,  
a f a m l l y  of  curves r e s u l t s  ( F i g .  4 ) .  Each o f  these 
curves has the  proper ty  o f  d e f i n i n g  a u n l t y  uncer- 
t a i n t y  boundary f o r  d i f f e r e n t  f u e l  d l f f e r e n t i a l  
pressure c a l l b r a t i o n  p r e c l s i o n  e r r o r  va lues.  

( 4 )  Greater  than 1 percent  changes t o  t h e  

By s lmply  c r o s s p l o t t i n g  t h e  da ta  shown I n  

By adding the  complete s e t  o f  f u e l  d i f f e r e n -  

Ins tead of  vary ing t h e  c a l i b r a t i o n  p r e c i s t o n  
e r r o r  o f  t h e  f u e l  d l f f e r e n t i a l  pressure ( r e s u l t l n g  

I n  F l g .  4 ) .  a f a m l l y  o f  f u e l  l l n e  temperature 
curves c o u l d  be generated (F ig .  5 ) .  The "spread" 
between u n l t y  u n c e r t a i n t y  l i n e s  f o r  t h e  f u e l  l l n e  
temperature I s  n o t  as g r e a t  as t h a t  f o r  t h e  f u e l  
d i f f e r e n t i a l  p ressure .  T h l s  i n d i c a t e s  a g r e a t e r  
I n f l u e n c e  o f  t h e  f u e l  d l f f e r e n t l a l  p ressure  on 
Isp u n c e r t a l n t y  than t h e  f u e l  l l n e  temperature.  

By c a r e f u l l y  s e l e c t l n g  t h e  measurement dev lces  
and p l a c i n g  them I n  t h e  proper  l o c a t l o n s .  t h l s  
s tudy shows t h a t  1 percent  s p e c l f l c  lmpulse uncer-  
t a l n t y  l s  a t t a l n a b l e .  However, t h e  c o s t  o f  l n s t r u -  
menta t lon  t o  ach leve  t h l s  l l m l t  has n o t  been 
addressed and I s  beyond t h e  scope o f  t h l s  paper. 
S t l l l ,  by p u t t l n g  measurement dev lces I n  p a r a l l e l  
and/or s e r l e s  c o n f l g u r a t l o n s  t o  g e t  redundant data,  
o r  t o  Increase t h e  number of c o l l e c t e d  d a t a  p o l n t s .  
t h e  va lue  o f  s p e c l f l c  impulse u n c e r t a l n t y  can be 
lowered f u r t h e r .  The JANNAf goa l  of 0.25 percent  
may be achievable,  b u t  t h e  e f f o r t  r e q u l r e d  t o  
a t t a l n  t h l s  l l m l t  may n o t  be p r a c t i c a l .  

CONCLUDING REMARKS 

An u n c e r t a l n t y  a n a l y s t s  o f  t h e  l l q u l d  r o c k e t  
englne t e s t  set -up a t  NASA Lewis I s  descr lbed.  
P r e t e s t  u n c e r t a i n t y  analyses were conducted by 
p a r a m e t r l c a l l y  v a r y l n g  t h e  c a l l b r a t l o n  sources o f  
e r r o r  f o r  each Ins t rument  i n  an a t tempt  t o  d e t e r -  
mine c a l l b r a t l o n  e r r o r  l l m l t s  on d l f f e r e n t  l n s t r u -  
ments t o  assure a maxlmum u n c e r t a i n t y  o f  
1.0 percent  on vacuum s p e c l f l c  Impulse. 

a t  a non l inear  r a t e  w l t h  t h e  c a l l b r a t l o n  p r e c l s l o n  
e r r o r  o f  a l l  t h e  measurement dev lces.  Changes I n  
oxygen d e l t a  p ressure  and l l n e  temperature c a l l b r a -  
t l o n  p r e c l s l o n  e r r o r  a f f e c t e d  t h e  s p e c l f l c  Impulse 
u n c e r t a l n t y  by more than 1.0 percent .  Other param- 
e t e r s  were seen t o  a f f e c t  Isp u n c e r t a l n t y  by 
approx imate ly  1.0 percent .  

Th ls  paramet r lc  s tudy q u a n t l f l e s  how p r e c i s e  
a l l  t h e  measurement Inst ruments.  taken as a group, 
must be t o  achleve a g i v e n  u n c e r t a i n t y  goa l .  An 
oxygen l l n e  pressure c a l l b r a t l o n  p r e c l s l o n  e r r o r  
o f  0.1 p s i a  was acceptable,  b u t  a va lue  o f  0.4 p s l a  
was t o o  l a r g e .  A f u e l  l l n e  pressure c a l l b r a t l o n  
p r e c i s i o n  e r r o r  o f  1.0 p s l a  was acceptable b u t  a 
va lue o f  3.0 p s l a  l e d  t o  unacceptable u n c e r t a l n t y  
va lues.  By c a r e f u l l y  s e l e c t l n g  t h e  measurement 
dev lces and p l a c i n g  them I n  t h e  proper  l o c a t l o n s .  
t h i s  study shows t h a t  1 percent  s p e c l f l c  Impulse 
u n c e r t a i n t y  i s  a t t a l n a b l e .  

The Isp u n c e r t a l n t y  was found t o  Increase 

APPENDIX  A 

Symbols 

A area 

B comblned b i a s  e r r o r  

cd venturi d lscharge c o e t f l c i e n t  

d diameter 

dp s t a t l c  pressure d i f f e r e n c e  between t h e  
p r o p e l l a n t  l l n e  and t h e  v e n t u r l  t h r o a t  
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F 

h 

ISP 

K 

m 

n 

P 

S 

S 

t95 

u99 

V 

X 

I3 

U 

P 

thrust 

en thal py 

speclflc Impulse 

conversion factor, 50079.6 [ IBtu,lbr)n ft/sec '3 
mass flow rate 

number of polnts In test sample 

static pressure 

combined preclslon error 

component preclslon error 

student s I't" 

uncertalnty encompasslng 99 percent of data 

vel oc l ty 

varlable 

propellant llne contractlon ratlo 

degrees o f  freedom 

denslty 

TOT total (1.e.. combined propellants) 

vac vacuum 
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TABLE I. - SOURCES OF ELEMENTAL ERROR I N  PRESSURE MEASUREMENTS 

C a l i b r a t i o n  e r r o r s  due t o  . . .  
Zero r e a d i n g  e r r o r  

S tandards  l a b  c a l i b r a t i o n  o f  t h e  
t r a n s d u c e r  c a l i b r a t i o n ,  i n c l u d i n g  
NBS t r a c e a b i  1 i t y  

Changes i n  t r a n s d u c e r  c a l i b r a t i o n  

Transducer  h y s t e r e s i s  

Transducer  n o n l i n e a r i t y  

p r e s s u r e  

Data a c q u i s i t i o n  e r r o r s  due t o  . . .  

Transducer  tempera ture  d i f f e r e n c e  
a t  z e r o  balance 

Transducer  tempera ture  d i f f e r e n c e  
a t  d a t a - t a k i n g  

D e t e r m i n a t i o n  o f  r e f e r e n c e  
p r e s s u r e  

Changes i n  tempera ture  on t h e  
t r a n s d u c e r  

E f f e c t  o f  v i b r a t i o n  on t h e  
t r a n s d u c e r  

E f f e c t  o f  changes i n  l i n e  
p r e s s u r e  

A b i l i t y  t o  d e t e r m i n e  a r e p r e s e n -  
t a t i v e  va lue  over  a s p e c i f i e d  
t i m e  i n t e r v a l  as d a t a  v a r i e s  

S i g n a l  c o n d i t i o n i n g ,  e l e c t r i c a l  
c a l i b r a t i o n s ,  and d i g i t a l  system 

Comments 

I n s t r u m e n t s  a r e  zeroed b e f o r e  d a t a - t a k i n g  

E r r o r s  o f  s t a n d a r d s  l a b ' s  i n s t r u m e n t s  

Not  a p p l i c a b l e  

Independent  c a l i b r a t i o n  

Independent  c a l i b r a t i o n  

Comments 

N e g l i g i b l e  because l i n e s  were a t  room 

N e g l i g i b l e  because l i n e s  were a t  room 

Independent  c a l i b r a t i o n  

t e m p e r a t u r e  

t e m p e r a t u r e  

N e g l i g i b l e  because l i n e s  were a t  room 
t e m p e r a t u r e  

N e g l i g i b l e  because p r o p e l l a n t  l i n e s  
a r e  damped 

L i n e  p r e s s u r e  changes were n e g l i g i b l e  

Data a v e r a g i n g  reduces  e r r o r  t o  

d u r i n g  t e s t i n g  

n e g l i g i b l e  magn i tude.  Each p o i n t  
c o n s i s t s  o f  f i v e  samples t a k e n  a t  
1 sample / l  ms and and l i n e - o f -  
b e s t - f i t  used 

Based on p a s t  d a t a  f r o m  o t h e r  
t e s t  f a c i l i t i e s  a t  NASA Lewis 
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TABLE 11. - SOURCES OF ELEMENTAL ERROR I N  TEMPERATURE MEASUREMENTS 
~ 

C a l i b r a t i o n  e r r o r s  due t o  

Zero r e a d i n g  e r r o r  

M a n u f a c t u r e r ' s  s p e c i f i c a t i o n  o f  
w i r e  c a l i b r a t i o n  

Reference t e m p e r a t u r e  l e v e l  
d e t e r m i n a t i o n  

Data a c q u i s i t i o n  e r r o r s  due t o  . . .  

T/C t e m p e r a t u r e  d i f f e r e n c e  a t  
z e r o  ba lance 

T/C t e m p e r a t u r e  d i f f e r e n c e  a t  

F a b r i c a t i o n  o f  T/C 

d a t a - t a k i n g  

E f f e c t  o f  v i b r a t i o n  on t h e  
t r a n s d u c e r  

E f f e c t  o f  changes i n  l i n e  p r e s s u r e  

Reference t e m p e r a t u r e  s t a b i l i t y  

T/C d e s i g n  due t o  r a d i a t i o n .  
f r i c t i o n ,  e t c . .  when measur ing  gas 
tempera tures  

Heat c o n d u c t i o n  

Temperature g r a d i e n t s  a l o n g  non- 

A b i l i t y  t o  d e t e r m i n e  a r e p r e s e n t a -  
t i v e  v a l u e  over  a s p e c i f i e d  t i m e  
i n t e r v a l  as d a t a  v a r i e s  

homogeneous T/C w i r e  

S i g n a l  c o n d i t i o n i n g .  e l e c t r i c a l  
c a l i b r a t i o n s ,  and d i g i t a l  system 

I n s t r u m e n t s  a r e  n u m e r i c a l l y  zeroed 
b e f o r e  d a t a - t a k i n g  

M a n u f a c t u r e r ' s  s p e c i f i c a t i o n s  

M a n u f a c t u r e r ' s  s p e c i f i c a t i o n s  

Comments 

N e g l i g i b l e  because l i n e s  were a t  room 

N e g l i g i b l e  because l i n e s  were a t  room 

t e m p e r a t u r e  

t e m p e r a t u r e  

A s  p e r  s tandards  

N e g l i g i b l e  because p r o p e l l a n t  l i n e s  
a r e  damped 

d u r i n g  t e s t i n g  
L i n e  p r e s s u r e  changes were n e g l i g i b l e  

20.25 p e r c e n t  

Good d e s i g n  p r a c t i c e  reduces t h i s  t o  
n e g l i g i b l e  magn i tude 

A l l  p a r t s  a t  u n i f o r m  t e m p e r a t u r e  

A l l  p a r t s  a t  u n i f o r m  t e m p e r a t u r e  

Data a v e r a g i n g  reduces e r r o r  t o  
n e g l i g i b l e  magn i tude.  Each p o i n t  
c o n s i s t s  o f  f i v e  samples t a k e n  a t  1 
sample / l  ms and l i n e - o f - b e s t - f i t  
used 

Based on p a s t  d a t a  f r o m  o t h e r  
t e s t  f a c i l i t i e s  a t  NASA Lewis 
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TABLE 111. - SOURCES OF ELEMENTAL ERROR OF THRUST MEASUREMENT 

C a l i b r a t i o n  e r r o r s  due t o  . . .  
Standards l a b  c a l i b r a t i o n  o f  t h e  

t r a n s d u c e r  C a l i  b r a t i o n ,  i n c l u d i n g  
NBS t r a c e a b i l i t y  

T h r u s t  stand h y s t e r e s i s  and non- 
1 i n e a r i t y  

S h i f t  i n  load c e l l  c a l i b r a t i o n  
caused by a t t a c h m e n t  o f  a d a p t o r s /  
f l e x u r e s  

Data a c q u i s i t i o n  e r r o r s  due t o  ... 
Zero r e a d i n g  e r r o r  

E f f e c t  o f  v i b r a t i o n  on t h e  l o a d  
c e l l  

E f f e c t  o f  v i b r a t i o n  on t h e  t h r u s t  
s t a n d  

M i s a l i g n m e n t  between t h e  e n g i n e  
f o r c e  v e c t o r  and t h e  f o r c e  v e c t o r  
measured by t h e  d a t a  l o a d  c e l l  
t r a i n  

Measurement o f  f o r c e s  on an a x i s  
d i f f e r e n t  f r o m  t h e  e n g i n e  c e n t e r -  
l i n e  

P r e s s u r i z a t i o n  on t h e  l o a d  c e l l  

E f f e c t  o f  changes i n  c e l l  p r e s s u r e  
t e s t  c e l l  w a l l  

E f f e c t  o f  changes i n  l i n e  p r e s s u r e  
on t a r e  f o r c e s  e x e r t e d  on t h r u s t  
measurement system by p r o p e l l a n t  
l i n e s ,  e t c . ,  r o u t e d  t o  e n g i n e  

t h e  load c e l l  
E f f e c t  o f  changes i n  t e m p e r a t u r e  on 

Thermal g rowth  o f  t h e  t h r u s t  s t a n d  

Secondary a i r f l o w  e f f e c t  on t h e  
l o a d  c e l l  

A b i l i t y  t o  d e t e r m i n e  a r e p r e s e n t a -  
t i v e  va lue  o v e r  a s p e c i f i e d  t i m e  
I n t e r v a l  as d a t a  v a r i e s  

S i g n a l  c o n d i t l o n i n g ,  e l e c t r i c a l  
c a l i b r a t i o n s ,  and d i g i t a l  system 

C omme n t s 

E r r o r s  o f  s t a n d a r d s  l a b ' s  i n s t r u m e n t s  

f0.5 p e r c e n t  as p e r  m a n u f a c t u r e r ' s  
s p e c i f i c a t i o n s  

P h y s i c a l  s e t - u p  reduces t h e s e  t o  
n e g l i g i b l e  magn i tude 

Comments 

I n s t r u m e n t s  a r e  n u m e r i c a l l y  zeroed b e f o r e  
d a t a - t a k i n g  

N e g l i g i b l e  

N e g l i g i b l e  

T r i a d  arrangement  accounts  f o r  
m i s a l i g n m e n t  

T r i a d  arrangement  accounts  f o r  
m i  s a l  ignment  

C o r r e c t e d  by  a n e r o i d  C a l i b r a t i o n  

C e l l  w a l l  I s  n o t  ground f o r  l o a d  c e l l  

P h y s i c a l  s e t - u p  reduces  t h e s e  t o  
n e g l i g i b l e  magn i tude 

Temperature changes were n e g l i g i b l e  
d u r i n g  c a l i b r a t i o n  and t e s t i n g  

N e g l l g i b l e  

N e g l i g i b l e  d u r i n g  s t e a d y - s t a t e  

Data a v e r a g i n g  reduces  e r r o r  t o  n e g l i -  
g i b l e  magn i tude.  Each p o i n t  c o n s i s t s  
o f  f i v e  samples t a k e n  a t  1 sample/ 
1 ms and l i n e - o f - b e s t - f i t  used 

o p e r a t i  on 

Based on p a s t  d a t a  f r o m  o t h e r  t e s t  
t e s t  f a c i l i t i e s  a t  NASA Lewis 
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TABLE I V .  - INFLUENCE C O E F F I C I E N T  EXPRESSIONS AND TYPICAL VALUES 

I 

- 2  ah^ i ne 

C a l c u l a t e d  
parameter  

( h l l n e  - h t h )  

' th 

P r e s s u r e  a t  t h e  

v e n t u r i  t h r o a t  

I3 

L i n e  c o n t r a c t i o n  

r a t i o  

" t h  

V e l o c t t y  a t  t h e  

v e n t u r i  t h r o a t  

L 

I n f l u e n c e  
c o e f f l c l e n t s  

= 1  a P t h  

aP1 i ne 

aPth = 1  
ad P 

1 ab - 

ab - - 

a d t h  d l i n e  

- -  d t h  
a d l i n e  (dllne)2 

5 = -  'th ' thR4 

( P l i n e ) 2  [ 1 -  ( - 'th 7 R41 

a' - ( ' l i n e  Pth [ ( P t h  b4] 

' l i n e  

2vthb3 - -  - 

1 -  - 
'1 i ne 

Ox/F u 
T y p i c a l  

v a l u e  

1 /1 

-1/-1 

0.62/0.62 

- .16/- .  17 

103/19 

-1 03/- 19 

.23/29 

.24/31 

7.4/40 
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TABLE I V .  - Concluded.  

C a l c u l a t e d  
parameter  

rn 

P r o p e l l a n t  

mass f l o w  r a t e  

'TOT 

T o t a l  mass f l o w  

r a t e  

Fvac 

Vacuum t h r u s t  

*SP 
Specj  f i c  impu lse  

I n f  1 uence 
c o e f f i c i e n t s  

am 
a(  CdAth) = 'th'th 

- -  am - CdAthVth 
a P t h  

am 
- -  - ' d A t  h P t  h 
a v t h  

- -   am^^^ - 1  
amox 

 am^^^ 
a'f u 
- = l  

aFvac - 

a F s i t e  
- -  

- -  aFvac 

apamb 
- A e x i t  

- _  aFvac 

a A e x i t  
- 'amb 

a 1  sp=L 
aFvac 'TOT 

sp=------- a 1  Fvac 
a ' ~ ~ ~  2 

10 

Ox/Fu 
T y p l c a l  

v a l u e  

6.5/1.9 

.21/1 . 4  

.003/.0002 

1 

81 5 

.037 

0.89 

-421 



Parameter, u n i t s  

O x  l i n e  pressure,  p s i a  
Fu  l i n e  pressure, p s i a  
O x  d i f f e r e n t i a l  pressure,  p s i d  
Fu d i f f e r e n t i a l  pressure,  ps id  
Ox l i n e  temperature, R 
Fu l i n e  temperature, R 

Values 

Minimum Maximum Increment 

0.1 
1 .o 

.01 

.1 

. 01 

.Ol 

2 . 8  
9.0 

.28 

.9 
.10 
.09 

0.3 
2.0 
.03 
.2 

.Ol 

.02 
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Q 

D1 
D2 
D3 
D4 
D5 
D6 
D7 
D8  

FUEL VENTURI A P  
OXYGEN VENTURI A P  
FUEL INJECTION A P  
OXYGEN INJECTION A P  
NOZZLE WALL A P  
NOZZLE WALL A P  
NOZZLE WALL A P  
ALTITUDE A P  

FIGURE 1. 

D9  
F1 
P 1  
P2  
P 3  
P4  
P 5  
P 6  

ALTITUDE A P  
THRUST 
FUEL SUPPLY PRESSURE 
OXYGEN SUPPLY PRESSURE 
FUEL INJECTION PRESSURE 
OXYGEN INJECTION PRESSURE 
CHAMBER PRESSURE 
CHAMBER PRESSURE 

P7  
T 1  
T 2  
T3  
T4  
TS 
T 6  
T7  

VACUUM REFERENCE PRESSURE 
FUEL SUPPLY TEMPERATURE 
OXYGEN SUPPLY TEMPERATURE 
FUEL INJECTION TEMPERATURE 
OXYGEN INJECTION TEMPERATURE 
NOZZLE WALL TEMPERATURE 
NOZZLE WALL TEMPERATURE 
NOZZLE WALL TERPERATURE 

. ROCKET ENGINE TEST SET-UP AND INSTRUMENTATION SCHEMATIC. 

1 2  



CONSTANTS 

1.20 
c 

PARAMETER - VALVE 

Ox L I N E  PRESS 0.1 PSIA 
Fu L I N E  PRESS 1.0 PSIA 
Fu D I F F .  PRESS 0.9 PSID 
FU L I N E  TEMPERATURE .09 R 

OXYGEN LINE 
TEMPERATURE 

ERROR, 
- CALIBRATION 

FIGURE 2. - SPECIFIC IMPULSE UNCERTAINTY VERSUS 
OXYGEN PRESSURE DIFFERENTIAL CALIBRATION ERROR 
FOR DIFFERENT OXYGEN L I N E  TEMPERATURE CALIBRA- 
T ION ERRORS, 

FUEL PRESSURE DIFFERENTIAL CALIBRATION 
PRECISION ERROR = 0.9 PSID 
CAL PRECISION ERROR OF Ox L I N E  PRESS = 0.1 PSIA 
CAL PRECISION ERROR OF Fu L I N E  PRESS = 1.0 PSIA 

.05 
W a =  
? E  > 1% UNCERTAINTY .04 - 

tl% UNCERTAINTY 
.03- 

g E z  

5 3 .02 

Y S W  ON ISP 
z - 

2.4 x u  0 

.Ol 1 
0 .15 .20 .25 .30 .35 .40 .45 

OXYGEN DIFFERENTIAL PRESSURE CALIBRATION 
PRECISION ERROR. PSID 

FIGURE 3. - UNCERTAINTY OF VACUUM SPECIFIC IM- 
PULSE = 1 PERCENT FOR HYDROGEN L I N E  TEMPERATURE 
CALIBRATION PRECISION ERROR = .09 R. 
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CAL PRECISION ERROR OF Ox L I N E  PRESS = .01 P S I A  

CAL PRECISION ERROR OF Fu L I N E  PRESS = 1.0 PSIA 

rUEL DIFFERENTIAL 
PRESSURE CALIBRATION 

.06 r PRECISION ERROR, 
W P S I D  
a =  

a 

W A  

0 

z z  
z 5 .02 

- 

J 
. l  .2 . 3  .4 . 5  

OXYGEN DIFFERENTIAL PRESSURE CALIBRATION 
PRECISION ERROR. P S I D  

FIGURE 4.- UNCERTAINTY OF VACUUM SPECIFIC IM- 
PULSE = 1 PERCENT FAMILY OF CURVES FOR HYDROGEN 
L I N E  TEMPERATURE CALIBRATION PRECISION 
ERROR = .09 R. 

CAL PRECISION ERROR OF Ox L I N E  PRESS = .01 PSIA 

CAL PRECISION ERROR OF Fu L I N E  PRESS = 1.0 P S I A  

FUEL L I N E  TEMPERATURE 
.05 

. O l  

CALIBRATION PRECISION 
ERROR, 

- 

- 

I 
. 1 5  .20 .25 . 3 0  I 35 .40 .R5 .50 

OXYGEN DIFFERENTIAL PRESSURE CALIBRATION 
PRECISION ERROR, P S I D  

FIGURE 5. - UNCERTAINTY OF VACUUM SPECIFIC IM- 
PULSE = 1 PERCENT FAMILY OF CURVES FOR HYDROGEN 
DELTA PRESSURE CALIBRATION PRECISION ERROR = 

0.7 P S I D .  
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